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ABSTRACT 

We demonstrate the ability of existing and planned future telescopes, on the ground and in space, 
to directly image tidally heated exomoons orbiting gas-giant exoplanets. Tidally heated exomoons 
can plausibly be far more luminous than their host exoplanet and as much as 0.1% as bright as the 
system's stellar primary if it is a low mass star. Because emission from exomoons can be powered by 
tidal forces, they can shine brightly at arbitrarily large separations from the system's stellar primary 
with temperatures of several hundreds degrees Kelvin or even higher in extreme cases. Furthermore, 
these high temperatures can occur in systems that are billions of years old. Tidally heated exomoons 
may thus be far easier targets for direct imaging studies than giant exoplanets which must be both 
young and at a large projected separation (typically at least tens of AU) from their primary to be 
accessible to current generation direct imaging studies. Specifically, current ground and space based 
instruments are capable of detecting exomoons with brightness temperature > 600-K" and R > li?® in 
K-band. Future mid-infrared space telescopes, such as JWST and SPICA, will be capable of directly 
imaging tidally heated exomoons around the nearest two dozen stars with brightness temperature 
> 300-R" and R > li?® orbiting at > X2AU around stars within 4 parsecs of Earth at a 5er confidence 
level in a 10 4 second integration. In addition it is possible that some of the exoplanets which have 
already been directly imaged are actually tidally heated exomoons or blends of such objects with hot 
young planets; we speculate that Fomalhaut b could be such a case. If such exomoons exist and are 
sufficiently common (i.e., nearby), it may well be far easier to directly image an exomoon with surface 
conditions that allow the existence of liquid water than it will be to resolve an Earth-like planet in 
the classical Habitable Zone of its primary. 



1. INTRODUCTION 

Direct imaging of exoplanets, especially those in the 
"Habitable Zone" (HZ), is extremely difficult because of 
the high contrast ratio between the star and planet and 
because the of the very small star-planet angular sep- 
aration. Indeed, all exoplanets that have been directly 
imaged to date are well separated from their host star, 
and are young systems that are still hot (T e f f ~ lOOOif ) 
from their formation (as opposed to being heated by stel- 
lar insolation) . Exa mples include the HR8799 planets, 



Pic b and LkCal5b (Marois et al. (2008|, Lagrange et al. 
p008l ) and |Kraus fc lreland| ( |MQf )T 

Although there has already been substantial discussion 
of the possibility of tidally heated exomoons (THEMs), 
extrasolar analogies of Solar System object s such as Io, 
Europa and Enceladus, in the literature ((Peale et al 



( 19791), lYoder fc Pe ale ( 1981 ), | RosTfcSch urbcrt (1987), 
Ross fe Schubert|(|1989D,|lNimmo et al.| ([2 007]) ) anTeven 



of their potentia l astrobiological interest ( pchart (2006), 



future direct imaging facilities. This scenario has several 
powerful potential advantages. THEMs may remain hot 
and luminous for periods of order a stellar main sequence 
lifetime and so could be visible around old stars as well as 
young ones. In addition, since THEMs may be hot even 
if they receive negligible stellar insolation, they may be 
luminous at large separations from the system primary, 
thus reducing or eliminating the requirement of high con- 
trast imaging capabilities. Moreover, tidal heating de- 
pends so strongly on of the orbital and physical param- 
eters of an exomoon, that quite plausible systems (i.e., 
with properties not very different from those occurring 
in the Solar System) will result in terrestrial planet sized 
objects with effective temperatures as high as lOOOif, or 
even higher in extreme but physically permissible cases. 

In order to provide context and motivation for the 
analysis to follow, it is helpful to consider Solar Sys- 
tem tidally heated moons. Io e mits more energy per uni t 
area at A ~ 5/j. m tha n expected ( Witteborn et al. ( 1979 ), 



Henning et ah] (|2009[)|Heller| (|2012[)), the possibffityof 



rect methods dSartoretti & Schneider I 


1999}, Han & Han 


(2002) 


, Simon et al. (2007), Kipping 


(2009al), Kipping 


(2009t 

' — mi 1 





Spencer et al. (2005)) and has the highest measured tern 
peratures of a ny body in the outer S olar System due to 
tidal heating (|McEwen et al.| (|1997[)). If the Galilean 



could be directly imaged (and perhaps already have 
been) with existing ground and space based instrumen- 
tation and even more effectively with currently planned 



moon system orbited INeptune with the semi-major axes 
of their orbits scaled down in proportion to the Roche 
radius of that planet (relative to Jupiter's), Io would be 
more luminous than Neptune. If Io was as massive and 
dense as Earth, it would be the brightest Solar System 
object beyond 5 AU, out-shining even Jupiter in the 2- 
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4pm and 5.5-6.5/xm wavelength rangeaM Furthermore, if 
Io were as massive as Earth, it would De bright enough 
for JWST to detect it at a distance of 5 parsecs! 

The remainder of this paper is organized as follows: 
We establish the exomoon tidal heating equations and 
present associated scaling relations in section [2j In sec- 
tion [3] we discuss discovery space constraints and deter- 
mine the detection limits and observability of THEMs 
with existing and future instrumentation. Section H 
briefly presents a speculation that the SED of Fomab 
haut b contains a significant contribution from a THEM. 
Conclusions and implications are described in section [5j 

2. TIDAL HEATING 

Tidal heating of moons in the Solar System, such as Io 
and Europa , have been analyzed in detail by IReynolds 



etaT] | |l987| , |Segatz et ail ( fl988| and jS. J. Pealej (l978| ) 
In this section we adapt the resulting equations tor 
tidal heating of exomoons from these literature analyses. 
From these inputs the relevant scaling relations based 
on orbital, exomoon, exoplanet and host-star parameters 
are easily obtained. 

2.1. Luminosities 



jReynolds et all fll987| ) and |Segatz et ah] ( |1988| )) show 
that the average total luminosity of a moon due to tidal 
heating, L tidal is given by 



J tidal 



42ttG 5 / 2 / R 7 m p 2 M, 



19 



pQ 




(1) 



where G is the gravitational constant, p is the moon's 
elastic rigidity, Q is the moon's dissipation function (or 
quality factor), e is the eccentricity of the moon's orbit, 
a is the semi-major axis of the moon's orbit, p is the 
density of the moon, R m is the radius of the moon, and 
M p is the mass of the planet it orbits. 

It is useful to eliminate the explicit dependence on the 
planet's mass by parameterizing equation [I] in terms of 
the Roche radius. Let the moon's semi-major axis be 
some multiple, /3, of the Roche radius, an, such that 



a = (3a R = (3 



(2) 



Then we can rewrite the tidal energy flux equation as 



L 
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(3) 



where we have grouped the terms that depend on the 
moon's physical properties and those that describe its 
orbit separately. 

Alternatively, we can write this equation in terms of 
R m and M m or p and M m rather than R rn and p. Alter- 
native forms of the Eq. [3] are 



M, 



J tidal 
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015/2 



(4) 



1 Based on |Spiegel fc Burrows| | |2012| model of a lMj lGyr 
old cloud-free, solar metalicity Jupiter-like planet, and assumes a 
blackbody curve for the scaled up version of Io. 
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The scaling relation for equation [3] relative to the lu- 
minosity of Earth (which is L ffi ^1.75xl0 24 ergs/s) is 



' V ( 13 
0.0035 



s / 36 10 
{ Q 



11 dynes 
cm 2 



1/4' 



(6) 



Note that the first set of bracket terms in Eq. [3] in- 
cludes exomoon's physical parameters, and the second 
contains the orbital parameters. This scheme is also used 
in equations [8] and [9] below. 

2.2. Effectives Temperatures and SEDs 

Using the normal conventions of stellar astrophysics, 
we can define the exomoon's effective temperature, T m , 
from the luminosity via the Stefan-Bolzmann Law 

^-((w)^wr« 

Eq. [7] can also be written as a scaling relation relative 
to a 300K exomoon. 



T m « 300K 



(0.OO4) 



I//3 



I Q ' M J 



(8) 



Note that equation [8] adopts Q — 36 and p = 10 11 
dynes/cm 2 as reference values. These are the Q a nd p 
values for Io from t he literature ([Segatz et al. ( 1988 ) and 
Peale et al. (1979)). Equation p 7 ] also assumes there is 
only tidal heating with no additional energy sources, such 
as stellar insolation or interior radiogenic heat. This is 
a conservative assumption since additional heat sources 
only serve to make the exomoon more luminous and thus 
easier to detect. The scaling relations in Eq. [8] are illus- 
trated in Fig. [l] 

Given T m , the peak wavelength of a exomoon's spectral 
energy distribution (SED) would be 



A m ax ~ 9.6pm 



' 36 1Q lld2/«|£' 



1/41 



(0.OO4) 



(9) 



if it emitted as an ideal blackbody. However, Solar 
System objects with significant tidal heating typically 
do not have a uniform temperature surface emitting at 




Fig. 1. — LEFT: Plot of eccentricity vs. effective temperature of an exomoon, with a semi-major axis of 5 Roche radii (for comparison, 
Io is at 6.6 Roche radii). The solid and dotted lines correspond to a density of p = 3.5g/cm 3 and p = 5.5g/cm 3 respectively. The 
lower density (p = 3.5(//cm 3 ) matches that of Io. The higher density (p = 5.5g/cm 3 ) matches Earth. Each line color corresponds to a 
different moon radius listed in the upper right corner of the plot on the right (note that this legend lists the moon radii for both plots). 
RIGHT: Plot of semi-major orbital axis vs. effective temperature of an exomoon. This plot assumes a moon with eccentricity of 0.005 (for 
comparison, Io has an eccentricity of e = 0.004). Dotted and solid lines represent the same densities as the plots on the left. 



each point as an ideal blackbody. Rather they display 
"hot spots" and even vulcanism, locations on the surface 
through which a larger, often much larger, than aver- 
age part of the internal heating is being radiated away. 
This implies an SED that deviates significantly from a 
Planck form and which, in particular, emits more at 
shorter wavelengths than the uniform temperature black- 
body approximati on indicates. This is seen in the SED 
of Io, for example (Spencer et al. (2005)). However, mod- 
eling of the complexities of heat transport in the interior 
of a THEM far exceeds the scope of this initial discussion 
of detectability, and thus we hereinafter adopt the sim- 
ple blackbody model of THEM SEDs. In most respects, 
this is a conservative assumption in that it makes them 
less detectable than they would be expected to be with 
a more realistic SED. Note that the blackbody SED as- 
sumption will be more accurate for an exomoon on which 
a thick atmosphere and/or oceans effectively redistribute 
the tidal heat emitted at hot spots on its surface. 

2.3. Contrast 

Discussions of direct imaging of exoplanets are typi- 
cally heavily focused on issues of contrast and associated 
instrumental inner working angles for the star-exoplanet 
separation on the plane of the sky. The associated con- 
siderations for THEMs are more complex since both con- 
trast with the planet orbited by the exomoon and con- 
trast with the stellar primary must be taken into account. 
Since the star-exoplanet separation does not affect the 



tidal luminosity of a given exomoon system, the contrast 
with the star may not (or may) be an important obser- 
vational issues. However, since tidal heating is very sen- 
sitive to the moon-planet separation, it is not plausible 
that a significantly bright THEM can be resolved from 
the planet it orbits with existing or planned facilities. In 
other words, any emission from an exoplanct will dilute 
that from any THEM which orbits it. 

Tidally heated moons are easier to detect if L m is large 
and L p and L* are small. Equation [3] gives the tidal 
luminosity of an exomoon. The contrast of the moon 
with the planet (L m /L p ) decreases for colder exoplanets 
(L p cx T p 4 ) that are further away from their host star 
and for older exoplanets which have already cooled from 
their initial formation temperatures. The moon-planet 
contrast also decreases for an exoplanct with less sur- 
face area (L p oc Rp), however, larger exoplanets pro- 
vide more gravitational potential energy and are thus 
able maintain a THEM's temperature for a longer pe- 
riod of time. The contrast of the moon relative to the 
star (L m /L*) decreases for less massive stars (L* oc M?' 3 



for M < Q.43M ; |Burrows et aL| ( |2001[ )). Finally, the 
contrast requirement will be relaxed tor relatively nearby 
star systems due to the resulting larger angular separa- 
tions on the sky. 



2.4. Lifetime 
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TABLE 1 

Relevant physical parameters for various solar system bodies 



Parametei 


a 


Io 


Europa 


Enceladus 


Moon 


Titan 


Earth 


a (10 3 km) 




422 


671 


238 


384 


1222 




P 




6.63 


10.0 


3.82 


40.5 


23.3 




e 




0.0041 


0.0101 


0.0045 


0.055 


0.029 




R (km) 




1821 


1560 


250 


1737 


2575 


6371 


P (g/cm 3 ) 




3.53 


3.02 


1.61 


3.35 


1.88 


5.52 


^ (1 9 (100 b 


(40) 


(2000) 


50 


(9) 


1200 


Q 




(36) 


(100) 


(100) 


27 


(100) 


280 



a Refe renc es for values arelLodders fc Fegley| { |1998| l, [S"egatz et al.| | |1988[ l, [Scharf| | |2006| , |Murray k. Dermott| | [i1^ , |Yoder1 { |1995| l, |Tliomson| 
( |1863| and |Ray et al.| ( [2001^ 



J Parenthesis indicate this is a modeled, not measured value 

In order to sustain tidal heating, a moon's orbital ec- 
centricity must be maintained by resonance with another 
moon. For example, Io, Europa and Ganymede are in a 
1:2:4 orbital period resonance. This resonance preserves 
Io's orbital eccentricity and has sustained Io's tidal heat- 
ing over a time of comparable to the lifetime of the Solar 
System. Without the resonance the orbit and eccentric- 
ity of a tidally heated moon will decay in the same fash- 
ion as the lunar eccentricity (and angular momentum) 
have decayed over time. Hence, we are only likely to find 
tidally heated exomoons in systems where they are in 
resonance with other exomoons, however there is no rea- 
son to believe that such resonances are uncommon. Both 
Jupiter and Saturn have close-in moons that are in reso- 
nance ( Peale ( 1976 )), and there are theoretical reasons to 
expect such resona nces to devel o p naturally dur i ng th e 
formation proc ess JYoder| ( p79) >, |Cassidy et ah] §009). 
Ogihara fe Ida] $20U$ J~ 

In general, more massive planets and more massive 
moons are expected to give lead to longer lifetimes for 
the orbital resonances that sustain the tidal heating, at 
fixed semi-major axis measured in Roche radii. 

2.5. Variability 

In general the observed brightness and SED of a THEM 
is expected to be substantially variable for multiple rea- 
sons: Most dramatically the exomoon may be eclipsed 
by the much larger and darker exoplanet it orbits, thus 
causing a sharp drop (and later increase) in the observed 
flux. The steep dependence of tidal heating on semi- 
major axis implies that the most luminous exomoons will 
have close in orbits and thus particularly large eclipse 
probabilities. Even in the absence of eclipses, phase curve 
variations are expected since tidal heating typically pro- 
duces moderate to extreme temperature variation across 
an object's surface. Moreover, even at a single location 
on the exomoon's tidally heated surface, the tempera- 
ture may well fluctuate due to time varying transport of 
interior heat to the surface, e.g., vulcanism. In general 
short timescale (hours to days would be expected from 
Solar System analogs) variability would be a signature of 
THEMs which would help distinguish them from the rel- 
atively steady emission expected from a cooling gas-giant 
exoplanet. 

3. DETECTABILITY 

3.1. Temperature Limit 

Before exploring the THEM discovery space it is neces- 
sary to understand constraints on exomoon temperatures 



that can be produced by tidal heating. The temperature 
power law dependancies are so strong that the simple 
scaling relations presented in the previous section yield 
temperatures of thousands of degrees for seemingly plau- 
sible hypothetical exomoon systems. However, there are 
other physical constraints that limit the effective tem- 
peratures that can be achie ved by tidal heating. These 
constraints are discussed in Cassidy et al. (2009). We 
note that long-lived resonances in the solar system exist, 
and th us should exist in oth er systems as well. 

The Cassidy et al. (2009) analysis does not yield any 
precise upper limit on the surface temperature of an ex- 
omoon; we therefore conservatively adopt T m — lOOOAT 
in our analysis. As context for this number note that 
the surface temperatures of known rocky bodies, such as 
Mercury and UCF-1.01 in the GJ 436 system, are of this 
order. The Sun facing side of Mercury reaches temper- 
ature of 700K, and UCF-1 .01 's surfac e is estimated to 
be at ~ 860K ( |Stevenson et al.) ( |2012[ )). If rocky plan- 
ets can survive surface temperatures near 1000K, rocky 
exomoons should be able to do so as well. 

3.2. Assumed Exomoon Properties 

The quantities Q and [i are poorly known even for 
most Solar System objects. For the first-approximation 
models considered here, we adopt the values for Io in the 
literature. Table 1 lists relevant quantities for several 
moons in the Solar System as well as the Earth. Io is a 
rocky moon with a hot, molten core which is probably the 
most relevant comparison for a strongly heated exomoon. 
For parameters other than Q and fi, we assume that the 
range of values shown in Table 1 indicates plausible cases. 

3.3. Existing Facilities 

Fig. [2] illustrates the detectability of tidally heated 
exomoons with existing ground and space-based facil- 
ities. The exomoon curves are shown as blackbodics 
with temperatures defined by Eq. [8] and with the con- 
straints and assumptions discussed in the previous sec- 
tions. The curves s hown for the t hree stars are from 
the Kurucz models (Kurucz (1970)). The red dotted 



line is the five times the square-root of the atmospheric 
emission at Mauna Kea, not the incident flux (i.e., 

this is five times the \ZjV noise from the atmosphere, 
which roughly corresponds to the 5<r detection limit). 
This noise floor assumes the collecting area of a 8.1m 
telescope, a 100 x lOOmas 2 full-width half-max point 
spre ad function , a 10,000s integration time, and uses 
the Lord (1992) atmospheric transmission tool. Note 
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Wavelength (urn) 

Fig. 2. — The top three lines are the energy flux received from HR8799 (black line), the sun (dark blue) and an M5v star (light 
blue) at a distance of 10 parsecs. The lines labeled with a temperature and radius are four plausible exomoon blackbody curves. 

Note the Io is approximately one quarte r the radius of Eart h. The light gray line is modeled exoplanet lMj in mass, lGyr old 

and with no clouds and solar metalicity ISpiegel & Burrows! (12012b). Note that this is younger (e.g. brighter) than most stars in 
the solar neighborhood. The dotted red line is the 5cr noise floor due to atmospheric emission. Left-most contrast line shows the 
contrast of HR8799b relative to it's host star in the K-band. The middle contrast line shows the contrast of a 1000K, one Earth mass 
moon relative to a sunlike-star in the K-band. The right contrast line shows the same, but in L-band where the star-exomoon contrast is less. 



that this curve represents an idealized case with 100% 
transmission optics. Current ground based instruments 
will be limited by atmospheric emission beyond the K- 
band. The high contrast and adaptive optic (AO) sys- 
tems currently on the infra red platform at the S ubaru 
telescop e, namely HiCIAO (Hodap p et al.| ( 2008|) ) and 

are 



A0188 ( |Hayano et al| ( |2010[ )7 ]rvlinowa et al. 
currently capable of achieving 10 _t> contrast at 0.2 arcsec 
angular separation from the host star. The implementa- 
tion of the next generation of high contra st instrumenta- 



tion, SCExAO (iMartinache et al.| |20lT])) and CHARIS 
(McElwain et aE 12012)) will be able to do an order of 
magnitude better than that (10 -6 contrast) at the same 
separation, and 10~ 7 contrast at a 2 arcsec separation. 
Existing space based instruments on HST and Warm 
Spitzer such as Spitzer's IRAC have similar detection 
limits to ground based observatories (see Spitzer detec- 
tion limits in Fig. |2]). However, HST and Spritzer do not 



have the atmospheric transmission and turbulence issues 
associated with ground based observing, which may make 
spaced-based detection of exomoons easier in comparison 
with existing ground based facilities. 

The easiest detection of an exomoon with ground- 
based instrumentation would occur in the L-band. Fig. 
[2] shows that a 1000K, one Earth-radius exomoon would 
be less than 10 3 times dimmer than a late-type M-dwarf 
at these wavelengths. Telescopes equipped with adap- 
tive secondaries and adaptive optics operating in the L- 
band may be optimal for detecting these moons from the 



SPHERE and CHARIS) (|Macintosh et al. 


(2008) 


Bcuzit 


et al. 


(2008 


), Peters et al. (2012p) coming 


on sky in the 



next 

radius moons in the K-band in systems with late-type 
M-dwarfs at a distance 5 parsecs. This same exomoon 
would have even more favorable contrast with it's host 
star at A = 4.5/Ltm with warm Spitzer, but this detection 
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Fig. 3. — The top two blue lines are the energy flux received from the sun (dark blue, top) and M5v star (light blue) at a distance of 3 
parsecs. The lines labeled with a temperature and radius are four plausible exomoon blackbody curves. The gray line is the lGyr, lMj 
planet in Fig. [2] but scaled to the luminosity of Jupiter so that it represents an older planet, more typical of the ages of planets found in 
the local neignborhood. Left contrast line shows that a 300K, Earth-radius moon would be 10 4 x fainter than the M5v star. The contrast 
line on the right shows that a 300K, R = 2i?g object would be 10 5 x fainter than a sun-like and ~ 5x brighter than a Jupiter. Note that 
the x- and y-axis are different than in Fig. [2] 



would only be possible if the exomoon was at a distance 
of 1 parsec. It is interesting to note that at these tem- 
peratures, the exomoon would likely be many orders of 
magnitude brighter than its host planet at most wave- 
lengths, even if the planet were 10 x more massive than 
Jupiter, assuming a system with an age comparable to 
the Solar System's. 

3.4. Future Facilities 

Future instruments, for example JWST's Mid-Infrared 
Instrument (MIRI), offer even more promising potential 
for direct imaging of exomoons. Fig. 3 shows the dis- 
covery space for MIRI. Similar to Fig. 2 the solid lines 
labeled with temperatures and radii correspond to ex- 
omoon blackbody curves with those parameters. Note 
that the exomoons shown here have temperatures simi- 
lar to Earth's rather than the much hotter temperatures 
shown in Fig. [2] Thus, it is plausible that some of the 



exomoons JWST is capable of detecting, could poten- 
tially be habitable, in the sense of having surface tem- 
peratures that would allow liquid water to be present. 
Some of these exomoons have comparable irradiance to 
the gas giants in our solar system. At ~ 14/xm a 300K, an 
Earth-radius exomoon would be as luminous as Jupiter. 
However, if Jupiter were colder due to being less heated 
by its primary and/or being older, the Earth- like moon 
would be much brighter than the planet. The red bars are 
the 5ct detection limits for JWST-MIRI with a 10,000s 



integration time (IGlasse et al. (20101). 

A 300K, Earth-radius tidaliy-fieated exomoon is only 
3 x 10 5 times fainter at A ~ 14/xm than a Sun-like 
star, but can be at a large distance from it's host star. 
At 30AU projected separation, it would be 15 arcsecs 
from the star if it were 2 parsecs away. At A = 14/xm, 
A/.D=0.44 arcsecs for a 6.5m telescope, which means this 
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moon would be at 30A/D. This far away from the star, 
the airy rings are ~ 3 x 10 5 times fainter than the core 
of the star and about the same intensity as the 300K, 
Earth-radius moon, indicating that the detection should 
be possible. If there is such an Earth-sized 300K moon 
orbiting aCen, MIRI will be able to detect it in 8 of its 9 
spectral bands with better than 15 sigma signal-to-noise. 
Thus, directly imaging a 300K, Earth-radius moon that 
is tidally heated is potentially much easier than resolving 
an Earth-like exoplanet orbiting in the HZ of its primary. 

SPICA is another future space telescope that is ideal 
for exomoon detection. The SPICA coronagraph is being 
designed to operate from 3.5 — 27/im with a contrast of 
order 10 -6 and a 3.3A/D inner working angle (Enya et al. 
( |20lT| )). SPICA has a slightly higher noise floor than 
J WST, but should be able to achieve similar contrast. 
Thus SPICA's exomoon discovery space will be similar to 
JWST's, though JWST's larger aperture will give MIRI 
a modest advantage. 

The next generation of ground based telescopes suc h 
as the Giant Magellan Telescope (G MT, jjohnsf <|2008b), 
the T hirty Meter Telescope (TMT, |Nelson & Sanders 
(2008)), and the European Ext remely Large telescope 
(ETELT , iMcPherson et al] ( |2012[ )) are best suited for de- 
tecting THEMs at closer exomoon-star separations and 
at slightly shorter wavelengths than SPICA and JWST. 
The sensitivity limits of the Mid-Infrared E-ELT Imager 
and Spectrograph (METIS) will be almos t 10 x better 



than Spitzer's detection limit ( Brandl et ah] (2010)). The 
high contrast exoplan et imagers, such as E-ELT's EPICS 



(Kasper et al. (2010)), claim they will be able to achieve 
contrasts of 2 x 10 _i0 at 0.2 arcsec angular separations. 



4. FOMALHAUT B 

Fomalhaut is an A4v young (200-400 Myrs) main se- 
quence star at a distance of 7.7 pc orbi ted by a bright and 
extensive circumstellar disk. In 2008, |Kalas et al.] ( |2008| ) 
reported an exoplanet detection around Fomalhaut in the 
F606W and F814W HST bands (~500-1000nm range). 
However, subsequent infrared observations between 1.5- 
8[im and non-detections suggested that this object is not 
an exoplanet. In addition, the emission in the F606W 
band varied su bstantially between obser v ations taken in 

< 2009b, iMarengo et al. 



2004 a n d 2006 (Millcr- Ricci et al _ 

(2009), |Janson "et al.| ( |2012 [)). Alternative explanations 
have been given for the object including the possibility 
of transient dust clouds (Janson et al. (2012)) and plan- 
etesimal bombardment he ating ot the exoplanet 's surface 
( |Miller-Ricci et al.| ( [20091 ). 

We propose a new possibility, namely that Fomalhaut b 
is a THEM or, perhaps more plausibly, a blend of emis- 
sion from a young and hot gas-giant exoplanet and a 
THEM. A sufficiently hot and small THEM could ex- 



plain the lack of emission in the infrared and the excess 
emission in the F606W band as well as helping explain 
the apparent brightness variations. Eclipses of this hy- 
pothetical exomoon would occur if the exomoon's orbit 
has a < 2.3R p i anet assuming its orbit is coplanar with 
the circumstellar disk. 

Given the limited available photometry and the many 
available free parameters, it seems certain that a blend 
model, combining the light of a THEM with that of a 
hot young gas-giant could provide an acceptable fit to 
the data. However, such modeling is beyond the scope of 
the present paper. More promisingly, additional obser- 
vations might well be able to confirm or strongly support 
the THEM hypothesis for Fomalhaut b. Further obser- 
vations of this system with HST could be conclusive in 
themselves if the planet is found to eclipse the exomoon, 
causing the flux at short wavelengths to disappear regu- 
larly on a plausible orbital period. 

5. CONCLUSIONS 

Direct imaging detection of physically plausible, tidally 
heated exomoons is possible with existing telescopes and 
instrumentation. If tidally heated exomoons are com- 
mon, for example if typical gas giant exoplanets are or- 
bited by satellite systems broadly similar to those found 
in the Solar System, we are likely to be able to image 
them around nearby Sun-like stars in the midst of their 
main sequence lifetimes with current or near future fa- 
cilities. 

Existing instrumentation should be able to detect ex- 
omoons with temperatures > 600-ftT and R > 1R® in K- 
band at 5 parsecs. Future mid-infrared space telescopes 
such as JWST and SPICA will be capable of directly 
imaging tidally heated exomoons around the nearest two 
dozen star systems with brightness temperature > 300-KT 
and R > 1R® orbiting at > 12AU around stars within 
4 parsecs of Earth at the 5cr confidence level in multiple 
bands. It is possible that some of the exoplanets which 
have already been directly imaged, such as Fomalhaut b, 
could be tidally heated exomoons or exoplanet-exomoon 
blends. It is therefore plausible that a habitable (in the 
sense of possessing liquid water on its surface) exomoon 
can be imaged long before it will be possible to do so for 
a habitable (in the same sense) exoplanet. 

Thus, the era of astrobiology based on direct imaging 
of extrasolar objects may not have to await the advent 
of specialized space-based telescopes such as those con- 
templated for the TPF and DARWIN missions. 
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